The eukaryotic translation initiation factor 4E (eIF4E) controls gene expression through its effects on mRNA export and cap-dependent translation, both of which contribute to its oncogenic potential. In contrast to its translation function, the mRNA export function of eIF4E is poorly understood. Using an RNP isolation/mass spectrometry approach, we identified candidate cofactors of eIF4E mRNA export including LRPPRC. This protein associates with mRNAs containing the eIF4E-sensitivity element (4E-SE), and its overexpression alters the nuclear export of several eIF4E-sensitive mRNAs. LRPPRC-mediated alteration of eIF4E's mRNA export function requires the integrity of its eIF4E-binding site and it coincides with the subcellular re-distribution of eIF4E. The eIF4E export RNP is distinct in composition from the bulk mRNA export pathway, in that eIF4E-and eIF4E-sensitive mRNAs do not associate with general mRNA export factors such as TAP/NXF1 or REF/Aly. Our data indicate that mRNA export pathways have evolved for specific mRNAs enabling the differential regulation of biochemical pathways by modulating the expression of groups of genes at the level of their export.
Introduction
Control of gene expression is critical to ensure normal cellular proliferation and survival. The RNA regulon model has been proposed to explain how gene expression can be combinatorially and coordinately modulated post-transcriptionally (Keene and Lager, 2005; Keene, 2007) . Only with coordinated production of key factors can required biochemical reactions occur in the cell. In this model, mRNAs containing similar elements in their untranslated regions (UTRs) sensitize RNAs to regulation at distinct levels, for example, stability, mRNA export or translation. These elements, referred to as USER codes, enable the transcript to recruit the correct factors to facilitate the given process (Keene and Lager, 2005; Keene, 2007) . In fact, RNAs regulated in a coordinated manner have been observed to contain the same set of USER codes (Keene, 2007) . Thus, the expression of these genes can be coordinated post-transcriptionally.
The eukaryotic translation initiation factor 4E (eIF4E) is a central node in a RNA regulon that modulates the expression of genes involved in proliferation and survival (Culjkovic et al, 2007) . For instance, eIF4E coordinately modulates the expression of critical genes involved in specific pathways, for example, genes that function upstream and downstream of Akt (Culjkovic et al, 2008) . Biochemically, eIF4E functions at two levels: cap-dependent translation and nuclear mRNA export, both of which require its m 7 G cap-binding activity (Culjkovic et al, 2007) . Specifically, eIF4E enhances the mRNA export of genes that contain an B50-nt element in the 3 0 UTR known as an eIF4E-sensitivity element (4E-SE) (Culjkovic et al, 2005 (Culjkovic et al, , 2006 . In the cytoplasm, eIF4E enhances the translational efficiency of specific genes and this is based on the presence of complex 5 0 UTRs (Koromilas et al, 1992) . Thus, eIF4E enhances the expression of a given transcript by increasing its cytoplasmic levels and/or by increasing the efficiency of its association with polysomes. These activities are distinct, each relying on the presence of the appropriate USER code. Some transcripts are controlled at both levels (e.g., ODC), whereas others are controlled only at the level of export (e.g., cyclin D1) or translation (e.g., VEGF) (Culjkovic et al, 2007) . Given its ability to coordinately modulate gene expression, eIF4E is positioned to profoundly impact the cellular proteome.
Previous studies indicate that eIF4E overexpression leads to oncogenic transformation in tissue culture (Sonenberg and Gingras, 1998; Mamane et al, 2004) . In animal models, eIF4E overexpression leads to increased tumours and metastases (Graff and Zimmer, 2003; Montanaro and Pandolfi, 2004) , and its overexpression is a hallmark of poor prognosis in many human cancers (Graff and Zimmer, 2003; De Benedetti and Graff, 2004) . Thus, there is an ongoing effort to develop therapeutic strategies targeting eIF4E. Importantly, cells transformed by elevated eIF4E develop an oncogene dependency, or addiction to, eIF4E (Kentsis et al, 2004; Graff et al, 2008) . New therapies have been introduced targeting eIF4E in the clinic, including the use of a physical mimic of the m 7 G cap ribavirin in refractory acute myeloid leukaemias (AMLs) in a phase I/II clinical trial (www.ribatrial.com).
To develop other therapies based on eIF4E, one requires a detailed understanding of how eIF4E transforms the cell.
The traditional view is that the translation function of eIF4E underlies its oncogenic properties. However, several lines of evidence implicate its role in mRNA export as contributing substantially to its transforming potential (Culjkovic et al, 2007) . One key finding indicates that a mutant form of eIF4E, W73A, can, when overexpressed, transform cells to the same extent as wild-type eIF4E and rescue these cells from serum deprivation-induced apoptosis to the same extent (for example, Cohen et al, 2001; Culjkovic et al, 2008) . The W73A mutant is fully functional in mRNA export but cannot promote translation as it cannot bind eIF4G and thus cannot recruit the remaining translation machinery (Cohen et al, 2001; Kentsis et al, 2001; Topisirovic et al, 2003a; Culjkovic et al, 2008) . Importantly, this mutant has a structure indistinguishable from wild-type eIF4E and binds the m 7 G cap with similar affinity . A second line of evidence arises from studies focusing on the 3 0 UTR element, the 4E-SE (Culjkovic et al, 2005) . It was found that, in the eIF4E-overexpressing cells, cyclin D1 constructs containing only the 4E-SE transformed cells as readily as cyclin D1 constructs with full-length 3 0 UT. In contrast, cells expressing cyclin D1 constructs lacking the 50-nt 4E-SE resulted in transformation levels similar to vector controls (Culjkovic et al, 2005) . Previous studies indicated that cyclin D1 is controlled at the level of mRNA export, not of translation (Rousseau et al, 1996) . Further in primary human AML specimens, eIF4E levels are not only highly elevated, but the majority of eIF4E is found in the nucleus and eIF4E-dependent mRNA export of cyclin D1 is also substantially upregulated (Topisirovic et al, 2003b) . Taken together, these data suggest that the nuclear mRNA export activity of eIF4E has a key function in this oncogenic process.
Given its clear implications in the transforming potential of eIF4E, we set out to understand the mechanism(s) by which eIF4E modulates mRNA export. Our previous studies indicated that eIF4E-dependent mRNA export is fundamentally different from bulk mRNA export (Culjkovic et al, 2005 (Culjkovic et al, , 2006 . For instance, knockdown of the nuclear receptor NXF1/TAP does not affect eIF4E-dependent mRNA export, whereas bulk export is profoundly impacted (Culjkovic et al, 2006) . In contrast, eIF4E-dependent mRNA export is leptomycin B (LMB) sensitive, indicating that it is CRM1 mediated, unlike bulk mRNA export (Culjkovic et al, 2006) . Finally, eIF4E-dependent mRNA export requires the 50-nt 4E-SE element in the 3 0 UTR, which is not required for bulk mRNA export (Culjkovic et al, 2006) . To understand the molecular underpinnings of this mRNA export pathway, we identified proteins that specifically associated with the 4E-SE element and additionally, we characterized the interaction of key cellular mRNA export factors and their role in this eIF4E specific process.
Results
We initiated our studies into eIF4E-dependent mRNA export by exploiting the requirement for the 4E-SE element. Our previous studies indicated that this element is structurally conserved, although substantial sequence variation exists among 4E-SEs from different transcripts (Culjkovic et al, 2006) . For instance, the 4E-SEs from both cyclin D1 and Pim-1 contain the paired stem-loop structure but differ substantially at the sequence level (Culjkovic et al, 2006) . To identify proteins associated with the 4E-SE, we carried out RNP isolations using biotinylated transcripts containing the 4E-SE from either cyclin D1 (c-4E-SE) or from Pim-1 (p-4E-SE), reasoning that proteins that associated with both chimaeras were likely to recognize the secondary structure element, and not sequence-specific features, of either 4E-SE. The biotinylated transcripts were incubated with U2OS cell lysates, washed and bound proteins were separated by SDS-PAGE (Supplementary Figure 1A) . Pulled-down proteins were analysed by mass spectrometry and their identity was verified by western blot analysis ( Figure 1A ). Transcripts used in these in vitro studies were not capped or polyadenylated. Importantly, we observed that eIF4E selectively associates with these mRNAs, indicating that this association is through interactions with proteins that recognize the 4E-SE ( Figure 1A) . Interestingly, the leucine-rich protein LRPPRC was identified as a factor that bound only to transcripts that contained the 4E-SE as observed both by mass spectrometry and confirmed by western blot analysis ( Figure 1A ). Little is known about LRPPRC but it has been implicated in nuclear mRNA metabolism by its association with nuclear mRNPs (Mili et al, 2001) . We also identified the DEAD box helicase DDX3 implicated in the export of cellular mRNAs and HIV Rev RNA ( Figure 1A ) (Yedavalli et al, 2004; Lai et al, 2008) . A full list of associated proteins is given in Supplementary Table  I . As a negative control, we investigated the association of the ARE-binding protein HuR with the RNA baits. As expected, we observed no interaction with LacZ or c-4E-SE ( Figure 1A ). We also isolated proteins involved in general mRNA metabolism, such as hnRNPA1 and hnRNPC1/C2, which bound to both c-4E-SE and LacZ baits ( Figure 1A ).
Interactions with the eIF4E RNP Next, we determined whether endogenous LRPPRC and other, established, mRNA export factors were associated with endogenous eIF4E. To better understand the maturation of eIF4E-containing RNP, we monitored interactions as a function of subcellular distribution that likely reflects RNPs at different stages of maturation. The following fractions were isolated: digitonin (cytosolic fraction containing soluble cytoplasmic RNP), Triton X-100 (TX-100; nucleoplasmic fraction enriched in export competent, or mature nuclear RNPs) and post-Triton (post-TX; nuclear 'matrix' fraction containing heterogeneous nuclear RNPs) (Mili et al, 2001 ). Note that TX-100 also contains insoluble cytoplasmic structures. eIF4E was immunoprecipitated from each fraction and its interacting proteins were monitored by western blot analysis. Fractionation controls are given in Supplementary Figure 1B .
The composition of the eIF4E RNP varied across fractions ( Figure 1B ). For instance, in the post-TX fraction, eIF4E interacted with the promyelocytic leukaemia (PML) protein, which is an established negative regulator of eIF4E-dependent mRNA export (Cohen et al, 2001; Topisirovic et al, 2002; Culjkovic et al, 2006) . eIF4E interacted only with LRPPRC in the TX-100 fraction ( Figure 1B) . Also, in this fraction enriched in export-competent RNPs, eIF4E associated with the export receptor CRM1, hnRNP A1, the dead box helicase UAP56 and DDX3, a factor that functions in CRM1-dependent export of HIV Rev RNA (Yedavalli et al, 2004) . RNAse digestion experiments indicated that eIF4E interacted with LRPPRC, PML, CRM1 and DDX3 in an RNA-independent manner, whereas its interaction with UAP56 was RNA dependent. Addition of heparin to the immunoprecipitations (IPs) did not affect the composition of the complexes, indicating interactions were specific ( Figure 1B) . Finally, we examined the association of eIF4E with eIF4G, which we observed only in the digitonin fraction, as expected ( Figure 1B) . Importantly, eIF4E did not associate with bulk mRNA export components TAP/NXF1 or REF/Aly in any fraction ( Figure 1B) . Further, eIF4E did not associate with the non-shuttling hnRNP C1/C2 (Supplementary Figure 1C) .
Traditionally, the major nuclear cap-binding factor is the cap-binding complex (CBC) comprised of two cap-binding proteins (CBP80 and CBP20). The CBC is a key part of the bulk mRNA export machinery, where CBC associates with bulk mRNA until it exits the nuclear pore (Moore, 2005) . We carried out IPs for CBP80 (Figure 2 ) and compared the associated proteins with those found for eIF4E ( Figure 1B) . Importantly, CBP80 did not associate with eIF4E or LRPPRC in any fraction ( Figure 2 ). As expected, CBP80 did associate with hnRNPC1/C2 in the post-TX fraction and with hnRNPA1 in the post-TX and TX-100 fractions. CBP80 associated with TAP/NXF1 and REF/Aly as expected given its role in bulk mRNA export (Cheng et al, 2006) . Further, it also associated with DDX3 ( Figure 2 ). Finally, CBP80 interacts with CRM-1 in the mRNA export-competent fraction, which is expected given the role of CBP80 in UsnRNA export ( Figure 2 ) (Ohno et al, 2000) . Thus, there are factors specific to eIF4E-dependent mRNA export such as eIF4E and LRPPRC and factors common to both export pathways such as hnRNPA1 and DDX3. Note that we observed a similar pattern of associations in HEK293 cells, indicating that our results are not restricted to U2OS cells (data not shown).
The composition of 4E-SE-containing RNP parallels the composition of the eIF4E export RNP
We extended our studies to establish whether the LacZ-4E-SE mRNA associated with a similar complement of proteins as In the post-TX fraction, both LacZ and LacZ-4E-SE transcripts associated with hnRNPA1 and CBP80 ( Figure 3 ). This is consistent with what is known about mRNA maturation, where CBC and hnRNPs associate with transcripts during transcription in the post-TX fraction (Mili et al, 2001; Moore, 2005) . Thus, the early steps of maturation of eIF4E-sensitive mRNAs appear similar to other mRNAs. Importantly, differences in associated proteins are observed between LacZ and LacZ-4E-SE in the TX-100 fraction. Here, transcripts containing the 4E-SE associate preferentially with eIF4E and LRPPRC with 50-fold enrichment over LacZ or versus the IgG controls ( Figure 3 ). By contrast, hnRNPA1 associated with both mRNAs to a similar extent. Importantly, LacZ RNA associated with CBP80 with 15-fold enrichment relative to LacZ-4E-SE or to IgG controls ( Figure 3 ). This is consistent with LacZ being exported by the bulk mRNA export machinery and LacZ-4E-SE being transported using distinct factors, including eIF4E and LRPPRC.
We extended our studies to determine whether endogenous mRNAs acted similarly to our chimaeric model transcripts. We monitored the association of endogenous cyclin D1 and c-myc mRNAs, which are eIF4E sensitive, and of endogenous GAPDH, which is not sensitive to eIF4E at the mRNA export level (Figure 4 ). In addition, we monitored both spliced and unspliced mRNAs (using exon-and intron-specific primers) as a function of their association with either eIF4E or CBP80 in each fraction. Note that pre-mRNA is detected only in the post-TX fraction, consistent with unspliced RNAs remaining in this fraction (Mili et al, 2001 ). In the post-TX fraction, CBP80 and hnRNPA1 but not eIF4E or LPRPRC associated with cyclin D1 and GAPDH pre-mRNA. In the TX-100 fraction, both CBP80 and hnRNPA1 associated with GAPDH mRNA, whereas eIF4E and LRPPRC did not. Cyclin D1 and c-myc mRNAs associated with eIF4E and LRPPRC, as well as with CBP80 and hnRNPA1 (Figure 4 ). This suggests that eIF4E and LRPPRC associate only with eIF4E-sensitive endogenous mRNAs. Note that eIF4E and CBP80 did not co-IP in these cells, indicating that they are not in the same complex (or that they coexist in the same RNP only very transiently) (Figure 2 ). Further, it suggests that there are (at least) two RNP populations containing cyclin D1 or c-myc mRNAs: those with eIF4E and LRPPRC and those with CBP80. The fact that cyclin D1 and c-myc mRNAs, but not LacZ-4E-SE mRNA, associate with CBP80 likely arises because, in the context of the full-length RNA, there are other elements in the UTR that compete for which mRNA pathway cyclin D1 and c-myc will be exported by i.e., the bulk pathway or the eIF4E-sensitive pathway. In this way, the elements, or USER codes, in cyclin D1 and c-myc competitively determine the export pathway. Further, the endogenous RNAs were spliced, and the machinery important for association with CBC in the TX-100 fraction could be deposited during this process. In contrast, for LacZ-4E-SE, the only signal is the 4E-SE and thus, only the eIF4E mRNA export pathway is used. Alternatively (but not mutually exclusive), the two RNPs may represent temporal units, where cyclin D1 and c-myc mRNAs exit from the post-TX fraction associated with CBP80 and the RNP is remodelled in the TX-100 fraction so that eIF4E now binds the cap in place of CBP80, and LRPPRC is also recruited to the remodelled RNP. Importantly, GAPDH, which is not sensitive to eIF4E, does not associate with eIF4E or LRPPRC in the post-TX or TX-100 fraction (Figure 4 ).
In the cytosolic fraction, we observed that eIF4E associates with both LacZ and LacZ-4E-SE mRNAs consistent with its role in cap-dependent translation (Figure 4) . Importantly, LRPPRC does not associate with eIF4E-or LacZ-4E-SEcontaining mRNA in this fraction (Figure 4) . Thus, it is unlikely that LRPPRC is directly modulating cap-dependent translation.
LRPPRC modulates the expression of eIF4E-sensitive genes Inspection of the LRPPRC sequence revealed three putative eIF4E-binding sites as defined by YXXXXLF motif, where X is any amino acid and F is any hydrophobic residue (Supplementary Figure 2) (Koromilas et al, 1992; Sonenberg and Gingras, 1998) . To assess whether these sites were eIF4E-binding sites, we transfected U2OS cells with myc-tagged wild-type or mutant LRPPRC and monitored eIF4E-LRPPRC association by IP. eIF4E associates with LRPPRC but mutation of either of the first two binding sites (Y to A) significantly reduces this association ( Figure 5A ). Mutation of the third binding site has no effect, indicating that this is not an eIF4E-binding site. Controls show that eIF4E itself was immunoprecipitated equally in all cases ( Figure 5A ). Thus, mutation of either of the first two binding sites abrogates eIF4E association.
We investigated whether the association of LRPPRC with eIF4E-sensitive transcripts was a functional one. Previous studies showed that eIF4E overexpression promotes mRNA export of cyclin D1, Pim 1 and c-myc and thereby, increases their protein levels (Culjkovic et al, 2006) . Thus, we monitored the levels of these proteins as a function of wild-type or mutant LRPPRC overexpression ( Figure 5B ). Additionally, we monitored the expression of these proteins as a function of RNAi-mediated knockdown of LRPPRC ( Figure 5C ). LRPPRC overexpression leads to increased levels of cyclin D1, Pim-1 and c-myc proteins. Importantly, LRPPRC does not alter the levels of eIF4E, a-tubulin or b-actin proteins, which are eIF4E insensitive. Overexpression of the LRPPRC Y663A mutant results in the same phenotype as wild type, consistent with its ability to bind eIF4E. However, the mutants that cannot associate with eIF4E (Y441A and Y583A) do not affect the expression of cyclin D1, Pim1 or c-myc ( Figure 5B ). Conversely, LRPPRC knockdown suppresses cyclin D1, Pim1 and c-myc protein levels, again not altering eIF4E or a-tubulin protein levels ( Figure 5C ). Previous studies showed this same pattern of effects for the knockdown of eIF4E (Culjkovic et al, 2008) . In summary, LRPPRC has parallel Figure 4 LRPPRC selectively associates with model eIF4E export-sensitive mRNAs, cyclin D1 and c-myc, in the TX-100 fraction. U2OS cells were fractionated and RIPs were carried out in each fraction using indicated antibodies. Quantity of the RNA in the inputs (20%) and the immunoprecipitated material was determined using sqRT-PCR. Intron-and exon-specific primers (cyclin D1 and c-myc) and primers spanning across two different exons (GAPDH) were used to distinguish pre-mRNA and mRNA. PCR products were analysed on a 2.5% agarose gel.
effects to those of eIF4E on the expression of endogenous genes. Further, these activities are linked to the ability of LRPPRC to bind eIF4E.
LRPPRC modulates the export of eIF4E-sensitive mRNAs
To determine the stage in gene expression at which LRPPRC ultimately affects protein levels, we monitored the ability of LRPPRC to modulate mRNA export in U2OS cells overexpressing LRPPRC or the LRPPRC mutant that no longer binds eIF4E (Y441A). Cells were fractionated into nuclear and cytoplasmic fractions and mRNA levels were monitored by RT-qPCR. Values are normalized to 18S mRNA, which is not sensitive to eIF4E-dependent mRNA export (Culjkovic et al, 2006) . Fractionation controls are shown in Supplementary Figure 3C . LRPPRC overexpression increased (by 5-to 6-fold) the ratio of cytoplasmic to nuclear cyclin D1 and Pim 1 mRNAs versus vector controls ( Figure 5D ). Importantly, the Y441A mutant does not alter export relative to vector controls. Conversely, RNAi knockdown of LRPPRC reduces the export of these mRNAs by 5-to 10-fold ( Figure 5D ). In no case were levels of total mRNAs affected (Supplementary Figure 3A and B) .
Interestingly, LRPPRC overexpression moderately suppresses the export of a-tubulin and b-actin mRNA (about two-fold) ( Figure 5D ). Further, this is independent of eIF4E as the Y441A mutant suppresses export to the same extent as wild-type LRPPRC. Conversely, knockdown of LRPPRC leads to a two-fold increase in a-tubulin mRNA export ( Figure 5D ) We observed no change in the protein levels or total mRNA levels of b-actin or a-tubulin on modulation of LRPPRC levels (Figure 5B and C; Supplementary Figure 3A and B). The absence of changes in protein levels likely arises because of the moderate effects of LRPPRC on export of these transcripts (about two-fold) coupled to the fact that these proteins have long half-lives making it difficult to detect changes in their levels. These findings suggest that LRPPRC sequesters key export components away from the bulk mRNA export pathway to enhance eIF4E-dependent mRNA export and are consistent with previous observations that LRPPRC overexpression led to the nuclear accumulation of poly(A) mRNA (Tsuchiya et al, 2004 ). We investigated whether LRPPRC modulates LacZ-4E-SE export. Here, LRPPRC overexpression increased LacZ protein levels in LacZ-4E-SE-overexpressing cells but not in the cells transfected with LacZ ( Figure 5E ). Further, the Y441A mutant, which is deficient in eIF4E binding, did not have this effect. LRPPRC knockdown led to reduced LacZ protein levels in cells expressing LacZ-4E-SE but not for cells expressing LacZ alone ( Figure 5E ). Consistently, LacZ-4E-SE export was increased by about seven-fold on LRPPRC overexpression relative to vector controls or the Y441A mutant, whereas LacZ mRNA export was only modestly reduced (by o2-fold; Figure 5F ). Further, siRNA knockdown led to a reduction of LacZ-4E-SE mRNA export but did not affect LacZ mRNA export relative to double scrambled controls ( Figure 5F ). Further, no change in total transcript levels was observed (Supplementary Figure 3D and E) . Fractionation controls are shown in Supplementary Figure 3F . To ensure that there were no nonspecific effects of the siRNAs used, we knocked down LRPPRC targeting non-coding regions and added-back exogenous LRPPRC. We see that LRPPRC addition compensates for the knockdown, where there is more cyclin D1 or LacZ-4E-SE produced in the add-back cells than in the controls (Supplementary Figure 4A) . Importantly, adding the Y441A mutant back does not have this compensatory effect (Supplementary Figure 4A) . In summary, LacZ-4E-SE mRNA export is sensitive to LRPPRC, whereas LacZ alone is not. Thus, the 50-nt 4E-SE is sufficient to recruit LRPPRC ( Figure 1A ) and sensitize the transcript to this mode of export ( Figure 5F ). The promotion of export by LRPPRC of LacZ-4E-SE is most likely dependent on its ability to bind to eIF4E, as indicated by the failure of LRPPRC constructs with the Y441A mutation to enhance mRNA export.
Intriguingly, RNAi-mediated knockdown of LRPPRC did not suppress the export of LacZ mRNA ( Figure 5F ), whereas it did suppress the export of a-tubulin and b-actin mRNAs by nearly two-fold (albeit in an eIF4E-independent manner) ( Figure 5D ). This suggests that there are elements in the UTRs of a-tubulin and b-actin mRNAs that are absent from LacZ mRNA and that negatively sensitize these transcripts to LRPPRC. Thus, it seems likely that LRPPRC sequesters an important cofactor(s) away from these transcripts, moderately reducing their export.
LRPPRC and eIF4E mutually promote association with 4E-SE mRNAs
We investigated the possibility that eIF4E promotes the interaction of LRPPRC with 4E-SE-containing mRNAs. Thus, we examined whether the Y441A mutation altered the association of LRPPRC with 4E-SE-containing mRNAs. U2OS cells transfected with myc-tagged LRPPRC, or the Y441A mutant, were immunoprecipitated using the myc tag and levels of either endogenous cyclin D1 or LacZ-4E-SE mRNA were quantified using qPCR. In both cases, the mRNA was substantially enriched in the wild-type-expressing cells relative to the mutant or vector controls ( Figure 6A ). However, we do observe that some 4E-SE-containing mRNAs associated with the mutant (Figure 6A ). Thus, LRPPRC interacts, albeit at much lower levels, with 4E-SE-containing mRNAs in the absence of eIF4E association. This is consistent with LRPPRC containing a novel RNA-binding motif.
In parallel, we assessed whether the knockdown of LRPPRC affected the affinity of eIF4E for 4E-SE-containing mRNAs. U2OS cells were treated with LRPPRC siRNA, nuclear and cytoplasmic fractions were isolated and immunoprecipitated with an anti-eIF4E antibody. Clearly, knockdown of LRPPRC reduced interactions of eIF4E with either endogenous cyclin D1 or LacZ-4E-SE mRNAs in the nuclear compartment relative to DS controls ( Figure 6B ). LRPPRC did not affect the association of eIF4E with these RNAs in the cytoplasmic fraction ( Figure 6B ). In parallel, RNA pulldown experiments using LacZ and c-4E-SE as baits were carried out in the nuclear fraction of U2OS cells. Here, the association of eIF4E with c-4E-SE was impaired by the knockdown of LRPPRC related to DS controls ( Figure 6C) . Importantly, the association of LacZ-4E-SE with hnRNPC1/ C2 was not effected by reduction in LRPPRC protein levels ( Figure 6C ). In both IP and pull-down experiments where LRPPRC levels were reduced, some RNAs were still associated with eIF4E. This is likely due to incomplete knockdown of LRPPRC levels.
Effects of eIF4E mutations on LRPPRC mRNA export function
Proteins using consensus eIF4E-binding sites interact with the dorsal surface of eIF4E, which includes residues W73 and V69 (Koromilas et al, 1992; Sonenberg and Gingras, 1998) . Given that mutants on this surface (W73A and V69G) still function in mRNA export (see below and Topisirovic et al, 2002) , we examined the effects of these mutations on the LRPPRC interaction. LRPPRC immunoprecipitated with wild-type eIF4E and with either mutant, albeit with reduced affinity ( Figure 6D ). However, a double mutant, V69GW73A, substantially reduced the association of eIF4E with LRPPRC and failed to elevate cyclin D1 protein levels ( Figure 6D ). Circular dichroism studies showed that the V69GW73A mutant had an indistinguishable secondary structure from wild-type eIF4E (data not shown). Although V69G and W73A mutations did not affect the subcellular distribution of eIF4E, the double mutant was almost exclusively cytoplasmic (Supplementary Figure 4B) . Thus, to investigate whether the double mutant did not bind LRPPRC as it did not enter the nucleus, we engineered wild-type and mutant constructs with a heterologous NLS. By fractionation methods, we observed strong nuclear localization of both wild-type and mutant proteins (Supplementary Figure 4C) . Even in the presence of the NLS, the double mutant did not bind LRPPRC, whereas the single mutants and wild-type eIF4E did ( Figure 6E) .
We examined the functional outcome of these mutations on eIF4E-dependent mRNA export in the context of the heterologous NLS. By monitoring mRNA export by subcellular fractionation, we observed that both single mutants associated with, and promoted the export of, endogenous cyclin D1 mRNA as well as wild-type eIF4E ( Figure 6F and G) . However, the double mutant failed to associate with or promote the export of cyclin D1 mRNA ( Figure 6F and G). Cyclin D1 protein levels were elevated in cells expressing wild-type or single mutants relative to the double mutant or vector controls ( Figure 6D and E) .
Thus, mutations that abrogate binding of LRPPRC to eIF4E also impair eIF4E-dependent mRNA export. It seems likely that the binding site for LRPPRC and eIF4G do not completely overlap on eIF4E. Consistent with our findings, mutations on the dorsal surface of eIF4E differentially affect its binding to the 4E-BPs (Ptushkina et al, 1999) .
LRPPRC modulates the subcellular distribution of eIF4E
We investigated how LRPPRC potentiates the mRNA export activity of eIF4E. LRPPRC did not affect eIF4E protein levels and the ability of LRPPRC to modulate eIF4E activity appeared to depend on a direct association with LRPPRC. Thus, we assessed whether LRPPRC modulated the subcellular distribution of eIF4E. The nuclear fraction of eIF4E forms bodies, a subset of which associate with mRNAs such as cyclin D1 and LacZ-4E-SE, but not with LacZ and GAPDH transcripts (Culjkovic et al, 2005, 2006) . The remaining eIF4E bodies colocalize with PML nuclear bodies. PML represses eIF4E-dependent mRNA export by directly binding eIF4E and reducing its affinity for the m 7 G cap by B100-fold (Cohen et al, 2001; Kentsis et al, 2001 ). This subset of eIF4E nuclear bodies appears 'off' and bodies that contain mRNA may be sites for remodelling the eIF4E export RNPs. Thus, we examined the effects of wild-type or mutant LRPPRC overexpression on the subcellular distribution of eIF4E in U2OS cells. We also examined the effects of knockdown of LRPPRC. The subcellular distributions of LRPPRC and eIF4E were (A, B) The quantity of cyclin D1 or LacZ-4E-SE mRNA was determined by RT-qPCR. Fold enrichment is calculated relative to the appropriate IgG control ± standard deviations (s.d.) (n ¼ 3). (C) RNA pull downs using LacZ-4E-SE (c-4E-SE) as a bait were carried out in nuclear extracts of U2OS cells treated with lipofectamine (lipo), negative control (DS) or siLRP. Pulled-down material was analysed by western blot using indicated antibodies. (D, left) The association of endogenous LRPPRC with overexpressed eIF4E wild-type or mutant proteins was assessed by immunoprecipitation (IP) in cells transfected with indicated Xpress-tagged eIF4E constructs. (Right) Western blot analysis of eIF4E target proteins as a function of eIF4E mutation. b-Actin was used as a loading control. (E) Cells were transfected with the myc-tagged eIF4E constructs with a heterologous NLS. Experiments were carried out same as in (D). (F) Double mutation of the dorsal surface abrogates the ability of eIF4E to associate with endogenous cyclin D1 mRNA. Cells were immunoprecipitated with the anti-myc antibody and RNA levels were quantified by RT-qPCR. Fold enrichment is relative to the IgG control ± s.d. (n ¼ 3) . (G) mRNA export assay examining the ability of eIF4E mutants to promote cyclin D1 mRNA export. For each transcript, values were normalized to 18S rRNA and presented as cytoplasmic to nuclear ratios (c/n)±s.d. (n ¼ 3). monitored both by confocal microscopy and by subcellular fractionation and western blotting.
Endogenous LRPPRC has a weak nuclear localization and a more substantial cytoplasmic staining where LRPPRC is found in mitochondria (Supplementary Figure 5A) (Mili and Pinol-Roma, 2003) . Interestingly, treatment of cells with LMB leads to the nuclear accumulation of both endogenous LRPPRC and eIF4E (Supplementary Figure 5A and B) . This is interesting given that mRNA export of eIF4E-sensitive mRNAs such as cyclin D1 and LacZ-4E-SE is LMB sensitive, whereas bulk mRNA export is not (Culjkovic et al, 2006) . Further, these findings indicate that a substantial fraction of LRPPRC traffics through the nucleus and support its role in eIF4E-dependent mRNA export.
There are three fractions of eIF4E in the nucleus: nucleoplasmic eIF4E, eIF4E nuclear bodies that colocalize with mRNA and eIF4E nuclear bodies that colocalize with PML and are devoid of mRNA (Culjkovic et al, 2005) . Typically, eIF4E nuclear bodies are very round (Cohen et al, 2001) . LRPPRC overexpression results in a more irregular eIF4E body morphology that is distinct from vector controls or Y441A LRPPRC-expressing cells ( Figure 7A ; Supplementary Figure 6A ). We also examined the effects of LRPPRC on the distribution of eIF4E relative to PML. Markedly, LRPPRC overexpression leads to a loss of PML-eIF4E nuclear body colocalization ( Figure 7A ). Loss of the colocalization of eIF4E with PML nuclear bodies on LRPPRC overexpression coincides with eIF4E shifting from the post-TX to the 'export-competent' TX-100 fraction ( Figure 7C ). This could be achieved by effectively competing with the inhibitor of eIF4E mRNA export function, PML, for binding to the dorsal surface of eIF4E. Consistently, we observe PML and eIF4E colocalization in bodies indistinguishable from vector controls in cells overexpressing the Y441A mutant ( Figure 7A ). Accordingly, Y441A mutant overexpressing cells did not accumulate eIF4E in the TX-100 fraction ( Figure 7C) . As a control, we show that both wild type and Y441A LRPPRC do not affect the subcellular distribution of CBP80 ( Figure 7C ).
Knock down of LRPPRC resulted in depletion of the nuclear eIF4E, (Supplementary Figure 6B) , thereby providing an explanation for how LRPPRC knockdown reduces eIF4E-dependent mRNA export. Interestingly, depletion of LRPPRC levels coincided with the accumulation of eIF4E in cytoplasmic P-bodies ( Figure 7B ) as illustrated by its increased colocalization with the P-body marker, Dcp1. Discussion eIF4E-dependent mRNA export contributes to the transformation potential of eIF4E. Although the biochemistry of eIF4E's role in cytoplasmic cap-dependent translation is well understood (Sonenberg and Gingras, 1998; Gingras et al, 1999) , much less is known about its nuclear function. Thus, we set out to elucidate the molecular underpinnings of eIF4E's function in nuclear mRNA export. Here, we identified a novel factor in this process, LRPPRC. We showed that LRPPRC and eIF4E associate with eIF4E-sensitive mRNAs within export-competent RNPs. LRPPRC positively modulates mRNA export of 4E-SE-containing mRNAs in an eIF4E-dependent manner. Further, the eIF4E-dependent mRNA export pathway is distinct from bulk mRNA export.
The eIF4E pathway contains specific factors such as eIF4E and LRPPRC and excludes factors involved in bulk mRNA export, for example, the CBC and TAP/NXF1. However, some factors, such as UAP56, hnRNPA1 and DDX3 are common to both pathways (this study and Moore, 2005) . Further, our studies suggest that initial maturation of 4E-SE-containing mRNAs is similar to that for bulk mRNA (Figure 8 ).
Our data suggest that LRPPRC binds the 4E-SE and promotes the association of eIF4E with the 4E-SE-containing RNA. In support of this notion, LRPPRC binds RNA directly (Mili et al, 2001 ) and contains several copies of the PPR motif, which is thought to be a signature for a family of RNAbinding proteins (Small and Peeters, 2000) . We show here that LRPPRC requires association with eIF4E to modulate mRNA export and that LRPPRC potentiates the interactions between eIF4E-and 4E-SE-containing mRNAs. Alternatively, LRPPRC may bridge the association through additional cofactors. In any case, LRPPRC and eIF4E mutually potentiate the formation of the 4E-SE export-competent mRNP (Figure 8) .
Further, LRPPRC leads to re-distribution of eIF4E within the nucleus, where it no longer associates with PML nuclear bodies. This strongly suggests that LRPPRC promotes mRNA export by recruiting eIF4E away from its potent inhibitor, PML (Cohen et al, 2001; Culjkovic et al, 2008) . Both PML and LRPPRC bind the dorsal surface of eIF4E, thus LRPPRC is well positioned to compete with PML for eIF4E. Loss of LRPPRC reduces nuclear eIF4E levels, consistent with the requirement for eIF4E to be in the nucleus to function in mRNA export.
These findings indicate that LRPPRC is a member of an emerging class of factors that control eIF4E activity through modulation of eIF4E location. Other such factors include the eIF4E transporter protein 4E-T, the eIF4E-binding protein 4E-BP1 and the homeodomain protein PRH/Hex (Topisirovic et al, 2003a; Ferraiuolo et al, 2005; Rong et al, 2008) . Small molecules such as LMB, m 7 G and ribavirin also modulate eIF4E localization (Dostie et al, 2000; Kentsis et al, 2004) . LMB treatment leads to nuclear accumulation of eIF4E and ribavirin or m 7 G treatment leads to its cytoplasmic accumulation. Given that the nuclear functions of eIF4E contribute to its oncogenic activities even in humans, understanding the mechanisms by which this is controlled is important for understanding the molecular underpinning of eIF4E's transformation capacity.
The association of LRPPRC with eIF4E and its ability to modulate eIF4E function suggest a potential mechanism for the communication between post-transcriptional gene expression and energy production in the cell. This is because LRPPRC is also found in mitochondria where it has a critical function in mRNA expression (Mili and Pinol-Roma, 2003; Cooper et al, 2006) . Importantly, wild-type LRPPRC and the Y441A mutant bind to an eIF4E-insensitive mitochondrial mRNA (ATP synthase 6) equally well, indicating that this mutation does not directly affect the RNA-binding ability of LRPPRC and suggests that its nuclear and mitochondrial functions are distinct (data not shown). Furthermore, LRPPRC knockdown induced P-body formation, increasing the accumulation of eIF4E within these structures. Thus, LRPPRC may function as a regulator of eIF4E activity as a function of the energy status of the cell. Here, reduced levels of LRPPRC would impair nuclear export of eIF4E-sensitive transcripts and sequester cytoplasmic transcripts within P-bodies. It is important to note that we do not observe any mitochondrial localization of eIF4E or interaction between LRPPRC and eIF4E in the cytoplasm. Importantly, LMB treatment leads to the nuclear accumulation of LRPPRC. Although LRPPRC is mainly cytoplasmic, a significant fraction transits through the nucleus. Thus, the extent of the nuclear versus mitochondrial localization of LRPPRPC may have an important function in coupling gene expression with energy production.
Finally, our studies suggest that specific mRNA export pathways have evolved to promote, in concert with other processes, the activity of distinct biochemical pathways. For example, eIF4E impacts on multiple targets in the Akt pathway by stimulating the mRNA export of both an upstream activator of Akt, NBS1, as well as downstream effectors such as mdm2, cyclin D1 and c-myc (Culjkovic et al, 2008) . In this way, the eIF4E RNA regulon can modulate biochemical pathways. Factors, such as LRPPRC, that are required for the nuclear export arm of the regulon may function as energy sensors in the cell, coupling proliferation and survival to energy status. (A, B) . Overlay of all three channels is shown on the right. On the far right, overlays were zoomed Â 2.5. In the control, vector transfected cells and cells overexpressing Y441A LRPPRC mutant, most of PML (red arrowheads) and eIF4E (green arrowheads) nuclear bodies are round and frequently colocalize (yellow arrowheads indicate typical PML/eIF4E body colocalization). In contrast, eIF4E nuclear bodies in cells transfected with the wild-type LRPPRC are irregularly shaped and do not colocalize with PML. (B) Confocal micrographs of U2OS cells treated with either LRPPRC siRNA (siLRP) or negative control (DS). eIF4E and Dcp1 are shown in green and red, respectively, with colocalization in yellow. Far right insets represent overlays that were zoomed Â 2. In contrast to controls, cells treated with LRPPRC siRNA show increased numbers of Dcp1 cytoplasmic bodies (P-bodies; red arrowheads) and increased colocalization of eIF4E with these structures (yellow arrowhead). Green arrowheads indicate eIF4E nuclear bodies. (C) Cells transfected with empty vector, wild-type LRPPRC and Y441A LRPPRC mutant (Y441A) were fractionated into post-TX, TX-100 and digitonin fractions and the relative distribution of CBP80 and eIF4E proteins in each fraction was monitored using western blot (WB).
Materials and methods
Cell culture, plasmids, RNAi and transfections U2OS and HEK293 cells (from the ATCC) were maintained in DMEM supplemented with 10% FBS and penicillin/streptomycin (all obtained from Invitrogen). U2OS stably transfected with LacZ and LacZ-4E-SE and pcDNA3.1MycLRPPRC wild-type construct are described by Mili and Pinol-Roma (2003) and Culjkovic et al (2005 Culjkovic et al ( , 2006 , respectively. Information about constructs and transfections are provided in the Supplementary data.
Synthesis of biotinylated transcripts, RNA pull down and mass spectrometry
In vitro transcribed, biotinylated transcripts were generated by PCR using pcDNA3.1His/LacZ (Invitrogen) and pcDNA3.1His/LacZ-4E-SE constructs as described in the Supplementary data. RNA pulldown assays were carried out as in Takagi et al (2005) . Pulled-down protein was eluted in Laemmli buffer, loaded onto 10-15% SDS-PAGE gel, visualized with Sypro Ruby (Bio-Rad) and analysed using western blot and mass spectrometry as described in the Supplementary data.
Western blot, IP and RNA IP (RIP)
Western blot analyses were carried out as in Topisirovic et al (2002) . Antibodies used for western blot are provided in the Supplementary data. To minimize the possibility of mRNP reassortment in cell extracts (Mili and Steitz, 2004) , initial IPs and RIPs were carried out using two different protocols (see Supplementary data). Notably, both protocols gave similar results, suggesting that the observed protein-RNA and protein-protein interactions were not due to the reassortment of mRNPs in the lysate.
Subcellular fractionation, sqRT-PCR and RT-qPCR
Subcellular fractionation and RNA isolation were performed as described in the Supplementary data and in Mili et al (2001) and Topisirovic et al (2002) . sqRT-PCR and RT-qPCR were performed using One-step RT-PCR kit (Qiagene) and SYBR Green PCR Master Mix (Applied Biosystems), respectively. LMB, immunofluorescence and laser-scanning confocal microscopy For LMB treatment, U2OS cells were grown on coverslips and incubated with LMB (50 nM; Sigma) or vehicle (ethanol) for 4 h at 371C. Immunofluorescence was carried out as described in the Supplementary data using a laser-scanning confocal microscope (LSM510; Carl Zeiss).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org). Figure 8 Model depicting the differences in metabolism of 4E-SEcontaining transcripts and bulk mRNA. 4E-SE mRNAs are processed in the same way as bulk mRNA but are exported through 4E-SE export-competent mRNP, containing eIF4E, CRM-1, an LRPPRC (shown in green). Export-competent mRNP comprising bulk mRNA, CBC and TAP is shown in blue. See text for further details.
